The current study was conducted to investigate the relationship between melatonin and chronic anovulation. Adult (3-4 months old) female Wistar rats were submitted to pinealectomy: group I: pinealectomized ovariectomized melatonin-treated (N = 10); group II: pinealectomized ovariectomized placebo-treated (N = 12); group III: pinealectomized light-treated placebo-treated (N = 10) or maintained under continuous light; group IV: maintained under continuous light, ovariectomized melatonin-treated (N = 22); group V: maintained under continuous light, ovariectomized placebo-treated (N = 10); group VI: maintained under continuous light placebo-treated (N = 10). In order to assess ovarian modifications, unilateral ovariectomy was performed during the fourth month in groups I, II, IV, V and the other ovary was removed after 8 months. Ovariectomy was performed in groups III and VI only after eight months. Melatonin (200 µg/100 g body weight) dissolved in 0.02 ml absolute ethanol was injected intramuscularly daily during the last 4 months into groups I and IV. The other groups were treated with placebo (NaCl). The ovarian cysts were analyzed and their area, perimeter and maximum diameter, as well as the thickness of the ovarian capsule were measured. Daily colpocytological smears were performed throughout the study. Persistent estrous condition and ovarian cysts were observed in all groups. In pinealectomized rats the ovarian and vaginal alterations disappeared at the end of the study and in rats maintained under continuous light the vaginal and ovarian polycystic aspect was reversed only in those treated with melatonin. We conclude that melatonin may act on the ovarian response reverting chronic anovulation induced by pinealectomy or continuous light.
Introduction
The participation of the pineal gland in the regulation of seasonal, photoperiodicdependent reproduction has been firmly established but is poorly understood. Melatonin is the principal hormone produced by the pineal gland (1) (2) (3) (4) . Its release is mainly due to pineal secretion but 25% of melatonin production is of extra-pineal origin (5, 6) . Melatonin secretion is generated by norepinephrine (NEP) pulses, which is released from neighboring neurons. This NEP-releasing activity and the functioning of the pineal are activated in darkness and inhibited by light. The dark-light conditions are transmitted through the eyes to the suprachiasmatic nucleus (SCN), whose signals are inhibited in light and activated by the absence of this inhibition in the dark (7) .
The mechanisms by which melatonin acts on the neuroendocrine systems to affect reproduction are not known. One plausible possibility is that melatonin acts directly by affecting the hypothalamic functions involved in the inhibitory regulation of gonadotrophin-releasing hormone (GnRH) (6, 7) . The release of pituitary gonadotrophic hormones, follicle-stimulating hormone (FSH) and luteinizing hormone (LH), often occurs on a rhythmic basis with the period of release ranging from an ultradian (i.e., about 1-4 h) to a circadian (i.e., about 24 h) and a seasonal (i.e., about 1 year) pattern. In photoperiodic species, the pattern of melatonin secretion from the pineal gland mediates the effects of day length on the seasonal reproductive cycle (8) . In these species, melatonin has a pro-gonadotrophic effect, increasing FSH concentrations and LH pulses, probably by inhibiting the inhibitory effects of sexual steroids on ovulation (9) (10) (11) . In a number of rodent species and other mammals, the preovulatory release of gonadotrophins is tightly controlled by a neural circadian clock. These are called non-photoperiodic species, most of them with short-term periods of pregnancy, which do not obey a seasonal reproductive rhythm, but present a daily circadian rhythm of melatonin release. Thus, in rodents, melatonin has marked antigonadotrophic properties, such as inhibition of gonadal development, spermatogenesis and androgen production in males and absence of follicles, corpora lutea and interstitial tissue proliferation in female rats (9, 12) .
The gonadal axis of the laboratory rat can respond to pinealectomy, to exogenous melatonin administration or to the presence or absence of light. Well-known manipulations are neonatal androgenization, chronic testosterone administration to intact rats, olfactory bulbectomy, and fasting. All of these manipulations can be reversed by pinealectomy (13, 14) . Few studies have evaluated the possible relations between the variations in melatonin levels and the development of morphophysiologic ovarian alterations. Thus, the reports of the effects of different doses of melatonin given to rats submitted to constant light or pinealectomy are contradictory, varying according to the intensity of light or to the methodologies employed. In the adult female rat, injection of large doses of melatonin in the afternoon of proestrus can inhibit the preovulatory LH and can block the expected ovulation (12) . In addition, early puberty, ovarian atrophy, chronic non-ovulation, permanent estrous condition, and hyperprolactinemia have been described in rodents submitted to both pinealectomy and continuous light regimens (15) . Some studies have shown that under constant light or after pinealectomy, the vagina of female rats cornifies, with the animals experiencing constant estrus and failing to ovulate (8, 16, 17) .
The aim of the present study was to determine the effect of the chronic absence of melatonin on morphology of rat ovaries, as well as to identify the effects of exogenous melatonin administration to pinealectomized rats and to rats maintained under continuous light.
Material and Methods
Female Wistar rats (Rattus norvegicus albinus) were obtained from the colony of Escola Paulista de Medicina, São Paulo, SP, Brazil (EPM-1 Wistar). The animals were housed in individual clear plastic cages and standard rat chow and tap water were available ad libitum. Artificial illumination was provided by cool white fluorescent lamps that supplied a luminous intensity of 500 lux at the level of the cages. The rats were young adults (3-4 months) and weighed 350 ± 33 g (pinealectomy, N = 61) and 337 ± 36 g (continuous light, N = 52) at the beginning of the study.
After an adaptation period of seven days, vaginal smears were obtained from the rats to determine their cyclicity over a 30-day period. The rats showed repetitive estrous cycles and vaginal smears continued to be obtained throughout the experiment.
One aim of the present study was to confirm the report of the development of ovarian cysts 90 days after pinealectomy (18) and to extend it by determining if the same occurs in rats kept under continuous light. Thus, the animals were divided into two major categories as follows:
Pinealectomized groups: 61 rats divided into three groups Group I (N = 22) -Pinealectomized ovariectomized melatonin-treated group. Pinealectomized rats were housed under 12-h light:dark cycles (lights on at 8:00 h) at a temperature of 23ºC. The right ovaries were studied after ovariectomy after 4 months. During the subsequent 4 months, the animals were treated with melatonin. At the end of 8 months, the left ovaries were removed and studied.
Group II (N = 24) -Pinealectomized ovariectomized placebo-treated group. Pinealectomized rats were submitted to the same protocol as the pinealectomized melatonin-treated group, although after right ovariectomy the rats were treated with placebo for 4 months. Similarly, the left ovaries were analyzed at the end of the study.
Group III (N = 15) -Pinealectomized light-treated placebo-treated group. Pinealectomized rats were exposed to continuous light for 8 consecutive months. At the end of the experiment, left ovariectomy was performed. The rats were treated with placebo during the last 4 months.
Three pinealectomized ovariectomized melatonin-treated rats and 4 pinealectomized ovariectomized placebo-treated rats died after pinealectomy, and massive intracranial bleeding was observed in all of them. Seven rats from groups I and II and 5 rats from group III did not show vaginal cyclicity and were excluded from the experiment. Two pinealectomized ovariectomized melatonintreated rats and 1 pinealectomized ovariectomized placebo-treated rat died after right ovariectomy.
Continuous light groups: 52 rats divided into three groups
Group IV (N = 26) -Continuous-light ovariectomized melatonin-treated group. Rats were exposed to continuous light for 8 months. Right ovariectomy was performed after the first 4 months and melatonin was administered during the subsequent 4 months. At the end of the experiment, left ovariectomy was also carried out.
Group V (N = 13) -Continuous light ovariectomized placebo-treated group. Rats were submitted to the same protocol as the previous group, although placebo was administered for the 4 subsequent months instead of melatonin. At the end of the experiment, left ovariectomy was performed.
Group VI (N = 13) -Continuous light placebo-treated group. Rats were exposed to continuous light for 8 consecutive months. At the end of the experiment, left ovariectomy was performed. The rats were treated with placebo during the last 4 months.
Only the animals that survived until the end of the experiment were studied, i.e., 22 animals from the continuous light melatonin-treated group and 10 from the continuous light placebo-treated and 10 from the continuous light ovariectomized placebotreated groups, respectively.
Pinealectomy
The animals were anesthetized intraperitoneally with 15 mg/kg xylazine (Rompun ® ) in combination with 30 mg/kg ketamine (Ketalar ® ). The animal was fastened to the dissection table, an incision was made in the skin and the subcutaneous tissue, bringing the lambda into view. The skullcap was opened with the aid of a micromotor, bringing the cerebral hemispheres and the superior sagittal sinus into view. The pineal gland, located under the venous sinus, was removed in one piece using tweezers. Next, the bone fragment was returned to its place and the surgical layers were sutured. After surgery, the animals received a single dose of prophylactic antibiotic.
Ovariectomy
The animals were anesthetized with 15 mg/kg xylazine (Rompun ® ) in combination with 30 mg/kg ketamine (Ketalar ® ). The abdominal wall was opened and the ovaries were identified and resected. The ovaries were then processed, cut and stained with hematoxylin-eosin.
Melatonin and placebo treatment
Doses of 200 µg melatonin per 100 g body weight were used. Melatonin, purchased from Sigma, St. Louis, MO, USA, was dissolved in a small volume of absolute ethanol (0.02 ml) and diluted in 0.9% NaCl to a dose of 200 µg per 100 g body weight. Melatonin injections were performed intramuscularly between 18:00 and 19:00 h. Control animals received a placebo solution (NaCl).
Histomorphometry
Histomorphometric analysis was performed directly on the slide using the MOPplan system. The cyst profile was delineated and the area, perimeter and maximum diameter of the cysts and the thickness of the ovarian capsule were calculated.
Colpocytological examination
Vaginal smears were obtained throughout the study using cotton swabs dampened in saline solution. The smears were transferred to histological slides and stained by the Shorr-Harris method. The four phases of the estrous cycle of the rat (estrus, pro-estrus, meta-estrus and diestrus) were identified.
Statistical analysis
Data were analyzed statistically by the Wilcoxon and Mann-Whitney nonparametric tests, with the level of significance set at P < 0.05 (19) .
Results

Pinealectomized groups
Ninety percent of the rats developed continuous estrus after 60 days in the three pinealectomized groups (groups I, II and III), with spontaneous reversal by day 100. The ovarian weights did not change in these three pinealectomized groups. Fifty-five percent of the ovaries studied presented interstitial tissue proliferation in groups I and II at 4 months and in group III at 8 months.
In pinealectomized ovariectomized rats (groups I and II), the ovaries developed a polycystic aspect at 4 months, but the cysts reduced spontaneously at the end of the study (8 months) despite melatonin or placebo administration. The number of ovarian cysts fell significantly (P < 0.05) from 5.5 ± 1.5 to 2.1 ± 1.2 in group I and from 4.4 ± 1.7 to 2.8 ± 1.4 in group II (Figures 1 and 2) . Analysis of ovarian histomorphometry (area, perimeter, and diameter of cysts and thickness of ovarian capsule) did not show significant differences at the times studied (Figures 3  and 4 ). There were no statistical differences between groups II and III (pinealectomized ovariectomized placebo-treated vs pinealectomized light-treated placebo group) in the number of ovarian cysts nor on their histomorphometry at 4 and at 8 months.
Constant light group
One hundred percent of the rats developed permanent estrus after 90 days of light exposure. Permanent estrous condition disappeared only in the group treated with melatonin (group IV) by day 140. In the groups kept under continuous light placebo-treated (groups V and VI) permanent estrus was present throughout the study. The weight of the ovaries showed a statistically significant reduction (P < 0.05) at 8 months only in the group treated with melatonin (group IV). Eighty-five percent of the ovaries in groups IV and V at 4 months and in group VI at 8 months showed interstitial tissue proliferation.
All animals of the ovariectomized groups maintained under continuous light (groups IV and V) showed polycystic ovaries aspect at 4 months. The number of ovarian cysts fell significantly (P < 0.05) from 8 ± 2.2 to 3.0 ± 1.5 in group IV. This phenomenon did not occur in the continuous light ovariectomized placebo-treated group (group V, Figure 1) .
As shown in Figure 3 the areas and maximum diameters of the cysts in the continuous light ovariectomized melatonin-treated group (group IV) were significantly larger (P < 0.05) at 4 months when compared to those values observed at 8 months. These morpho- metrical alterations of the ovarian cysts were not observed in the placebo-treated group (group V, Figure 3 ). Comparative analysis of ovarian capsule thickness did not demonstrate significant differences between groups IV and V at 4 and 8 months (Figure 3 ). There were no statistical differences between groups two different experimental conditions, both of them hypothetically extinguishing the production of melatonin. PCOS is a common disorder characterized by chronic anovulation and bilateral polycystic ovaries, without truly unique clinical parameters. Although much research has been carried out in this area, the physiopathology of PCOS remains unexplained and there is no single laboratory test that provides a diagnosis (20) (21) (22) . It is believed that the development of polycystic ovaries is a response to some form of chronic anovulation, with hyperandrogynism being crucial for the development of the syndrome (23) . Mild hyperinsulinemia and insulin resistance are common findings in PCOS and influence the clinical presentation of the disorder (24) but these findings do not explain its whole spectrum. Alteration of central nervous system structures in the pathogenesis of PCOS is one of the most tested hypotheses but its relation to physiopathology is still unknown (18, 20) .
Although there has been a lack of a satisfactory animal model for the disease, the occurrence of ovarian cysts in many mammals has led to the use of rodents to examine the neurological mechanisms involved in the onset of PCOS (21) . Thus, we decided to test two well-known experimental situations, i.e., pinealectomy and continuous light.
The results of the present study show that a transitory estrous condition similar to human vaginal cornification, usually observed in PCOS, occurred in rats submitted to pinealectomy. In pinealectomized rats, the continuous estrous condition developed and it could be reversed. A significant reduction in the number of cysts observed in the pinealectomized ovariectomized melatonin-treated (group I) was probably a result of the antigonadotrophic effects of melatonin (14) . Pinealectomy probably produced gonadotrophic alterations, leading to ovarian cyst development. The absence of melatonin may have modified gonadotrophin secretion, in- 
Discussion
The present study describes the development of ovarian cysts in rats similarly to that observed in human polycystic ovary syndrome (PCOS) and their regression under creasing the synthesis of LH and reducing the synthesis of FSH. The LH increase may have been responsible for the interstitial tissue proliferation observed in some of the animals, whereas the increase in LH secretion is a major condition observed in PCOS (20, 21) . The reduction in ovarian cysts in the placebo group may be explained as a partial compensation by extra-pineal melatonin-producing cells due to the fact that plasma melatonin levels are reduced by pinealectomy (5,6). Dardes et al. (25) observed that in pinealectomized rats there is a reduction, but not the disappearance, of urinary 6-sulfatoxymelatonin excretion, indicating that there is synthesis of melatonin at sites other than the pineal gland. The lack of reduction in ovarian cortex thickness suggests that there was insufficient time for this event to be manifested, or that enlargement of the ovarian cortex did not occur. The development of ovarian cysts and chronic anovulation presented above indicate a behavior also seen in patients with PCOS (21, 23) . Other supporting findings indicate that circulating estrogens increase in pinealectomized rats. Teixeira (26) observed that the endometrium of rats submitted to pinealectomy presented hyperplasia, which was reversed with the use of melatonin. Endometrium hyperplasia and increase of circulating estrogens are also frequently reported in PCOS (20, 24) . Melatonin also acts on the central nervous system of rodents, with an anti-gonadotrophic action on the anterior hypothalamus (1-3). In male hamsters, exposure to long periods of darkness leads to a drop of gonadotropin levels and consequently to gonad atrophy and these effects are blocked by pinealectomy, but in this situation the animals do not reproduce (27) .
The results observed in pinealectomized groups (I, II and III) indicate that an abnormal endocrine environment was generated in the SCN and in the ovarian of rats. Buijs et al. (28) be an endocrine code of the environmental light-dark cycle conveying photic information that is used by an organism for both circadian and seasonal temporal organization (29-31) and it seems that there is no regular fluctuation in the pineal metabolism leading to melatonin synthesis and release throughout the estrous cycle in female rats (32, 33) . The SCN is also fundamental in the induction of renewed positive estrogen control of the preovulatory wave of LH, and melatonin may act together with the hypothalamus in altering the secretion of GnRH and the consequent production of gonadotropins (16) . As a result, melatonin reduces the release of LH and FSH (34) (35) (36) . This may interfere with the pulsatile ability of GnRH, acting directly on the control of the synthesis of gonadotropins or dopamine, or acting indirectly on the PVN and the PVT (37, 38) .
The rats of the groups IV, V and VI, maintained under continuous light, developed persistent estrus that was reversed only in the group treated with melatonin. Analysis of the ovaries showed a significant reduction in the number of cysts in the animals that received melatonin, but not in the animals that received placebo. This suggests that light inhibits melatonin-producing cells located at the pineal gland level. Additionally, analysis of cyst area, perimeter and diameter showed a reduction only in the melatonintreated group.
The alterations observed in pinealectomy and continuous light presented here suggest that the reductions in melatonin levels in rats may lead to the development of PCOS. Some evidence appears to support this hypothesis. In the absence of melatonin there is an increase in the activity of cytochrome P450-C17, which acts on steroid pathways by promoting an increase in 17OH-progesterone levels and hence in androgen levels. This alteration is also commonly observed in PCOS (39) . On the other hand, melatonin appears to increase peripheral insulin sensitivity, especially in adipocytes (40) . Thus, it is obvious to suppose that in PCOS the absence of melatonin may increase insulin peripheral resistance, but data of this interpretation need to be presented.
In summary, the data reported here show a strong relationship between melatonin, and probably the pineal gland, and the rodent equivalent of PCOS. This provides a very promising model for the study of this syndrome which may be extrapolated to clinical situations.
